a Under normal conditions the detachment of anchorage-dependant cells from their extracellular matrix typically induces programmed cell death which is mediated through a pathway referred to as anoikis.
Introduction
Changes in cell adhesive properties are believed to play a key role in tumour invasiveness, progression and metastasis. 1 The two key hypotheses describing cancer metastasis -termed the "seed and soil" and the "mechanical trapping" theoriesemphasise the adherence of heterotypic tumour cells to the blood vessel endothelia. [1] [2] [3] Furthermore, both include cancer cell aggregation as a key component of the metastatic cascade. 1, 3, 4 Previous work has demonstrated that highly metastatic cells exhibit a superior ability to form homotypic aggregates than their low metastatic counterparts. 1, 4 A phenomenon which may provide a means of cellular separation/isolation yet to be exploited. In normal epithelial tissue, key survival signals are modulated by cell adhesion to extracellular matrix components, with cells undergoing intrinsically programmed cell death via apoptosis (a process known as anoikis) in their absence. 5 This pathway of anoikis represents a homeostatic process which regulates and maintains a steady state within defined tissues and organs, whilst also acting as a barrier for preventing the metastatic spread of anchorage-dependant cells. 5, 6 In contrast, cells within tumours gain resistance to anoikis and are able to survive the harsh non-adherent conditions of the blood and lymph vessels. 7 Indeed, the dysregulation of anoikis is an emerging hallmark of cancer, and has been reported to contribute to its mechanism of metastatic spread. 6, 8 For instance, the escape of multicellular aggregates from primary tumours facilitates the formation of emboli within the lymph and blood vessels, thereby contributing to haematogenous spread in several cancers. 1, 4, 5 Despite the fundamental importance of these events, the underlying mechanisms governing cancer cell aggregation remain largely unknown. 5 Furthermore, the physiological cues, which modulate the adherent capacity of the tumour cell within its microenvironment remain poorly understood. 9 Cells in the body are typically surrounded by an extracellular matrix and are in direct physical contact with surrounding cells, conditions that are poorly replicated within 2D culture. Growing evidence suggests 3D spheroid culture to provide a more accurate representative model of in vivo tissues than traditional 2D monolayers. 10 For example, chondrocytes and hepatocytes lose their regular phenotype when cultured in a 2D system, a process that can be attenuated or even reversed using 3D culture methodology. 11 Currently, methods such as the liquid overlay, hanging drop, static liquid overlay and centrifugation techniques, amongst others, can be used for producing 3D spheroids. 11 However, most of these techniques are impractical, too costly or require specialist equipment to conduct on a large scale and/or are often poorly reflective of in vivo conditions. Moreover, studies in the area of cell aggregation events remain problematic, as no current system can facilitate cellular aggregation-disaggregation as a single dynamic process without the disruption of passaging cells between substrates.
As cell-surface interactions are governed by surface properties, the study of cell responses towards alternate surface chemistry profiles is a plausible means to investigating important behavioural phenomena, such as adhesive and aggregation events. 12 The adhesion of cells is mediated by the preabsorbed proteins at the surface, with protein adsorption being influenced by surface properties, such as charge, topography and wettability. [12] [13] [14] Extracellular matrix (ECM) proteins present structures on the nano-meter-scale which are believed to contribute towards cell-matrix signalling. 15, 16 Cells interact directly with the surface nanotopography, with the cell response towards such structures being mediated via a process referred to as contact guidance. This phenomenon of contact guidance is mediated by the organisation of ECM proteins and has been shown to be an essential component in regulating cell fate, migration and organelle formation. [15] [16] [17] By manipulating surface properties such as wettability and topology, biointerfaces have been produced for directing cell adhesion, spread, motility and survival. 17 Through enhancing topological interactions between cell surface structures and the substrate; researchers have produced interfaces for enhanced cell adhesion, as well as highly efficient target cell adhesion substrates for use in cancer diagnosis and treatment. 17, 18 We have previously reported on a protocol for functionalising TCP with a silica film. 19 In the present study, the procedure has been modified and implemented alongside a successive step to functionalise the silica film with a fluorosilane in order to produce a hydrophobic, low energy FS surface. Using normal human mammary epithelial (MCF-10a) and breast cancer (MCF-7) cells, serum-dependent, transient aggregate formation on the FS surface was observed, with no evidence of altered cell proliferation. Protein adsorption studies suggest that the observed aggregation/disaggregation of cells is driven by phased competitive adsorption of proteins to the surface in a time dependant manner, a process often referred to as the Vroman effect. 20 
Materials and methods

Silica film preparation
The silica surface was prepared using an adaptation of a previously described protocol. 19, 21 Briefly, untreated tissue culture polystyrene (Sarstedt) was coated with a polyaniline film by reacting 0. Fig. 1 . However, condensation to the surface occurs at an inherently low rate under these acidic conditions (∼pH 2.6) due to the close proximity of the reaction medium to the isoelectric point of Si at ∼pH 2. 22, 23 As the pH is raised to 8, silanol groups become deprotonated and the condensation rate is increased due to an increased tendency for nucleophilic attack. 23 As a consequence, covalent Si-O-Si (siloxane) bonds are formed between the aqueous silane and the free silanol groups localised at the surface.
Contact angle analysis
To assess surface wettability, 5 μL drops of (dd)H 2 O were applied to each surface using an Attension Theta Lite tensiometer. Measurements were taken after 5 seconds to allow for droplet stabilisation and the data was analysed using OneAttension software. Triplicate measurements were taken for each surface, with each surface being tested in triplicate (9 replicates in total). Repeat measurements using formamide (Sigma 47670) and diodomethane (Sigma 158429) liquid phases allowed the surface energy to be calculated using the FOWKES equation. 24 
Attenuated total reflectance infrared spectroscopy (ATR-IR)
FDTES functionalisation was confirmed by identifying specific chemical bonds such as C-F and Si-O-Si by ATR-IR using a PerkinElmer spectrum 100 spectrometer with samples analysed in petri-dish format. Spectra were plotted and labelled using Origin 7.5 following acquisition.
X-ray photoelectron spectroscopy (XPS)
The specific chemical composition of TCP and the FS surface was investigated by XPS using a VG Scientific ESCALab MkII X-ray photoelectron spectrometer with Al Kα X-ray source (hν = 1483.6 eV). Surfaces (in petri-dish format) were dissected into 4 × 4 cm 2 samples using a heated scalpel and mounted onto standard sample holders. Survey spectra covering the full binding energy (BE) range from 0-1200 eV with a step size of 0.2 eV and pass energy (PE) of 50 eV were collected. All binding energies were corrected to the saturated hydrocarbon C 1s peak at 285.0 eV in order to eliminate surface charging effects.
Scanning electron microscopy (SEM)
SEM was used to analyse surface morphology ( petri-dish format) using a JEOL JSM-840A scanning electron microscope in secondary electron mode with an accelerating voltage of 20-25 kV and working distances between 15 and 35 mm. Samples were gold coated using an Edwards Sputter Coater S150B. Energy dispersive X-ray analysis (EDXa) using an Oxford Instruments INCA X-sight system with a count rate of 3 kcounts s −1 was used to detect Si and F upon the FS surface.
Atomic force microscopy (AFM)
Surface topology and roughness were detected by AFM using a Pacific Nano-R2 atomic force microscope in close contact mode with Pacific Nanotechnology Close Contact Mounted Cantilevers ( petri-dish format). Root mean square (RMS) roughness measurements were calculated using Nano rule software following a triplicate of levelled scans per surface.
Fluorescamine assay
Fluorescamine rapidly reacts with primary amines of proteins to produce a highly fluorescent product, with an emission intensity which directly correlates with protein concentration. 25 
Indirect ELISA assays
Fibronectin and albumin adsorption to the TCP and the FS surfaces was compared using an indirect enzyme immunoassay (ELISA, 96-well plate format) using the rabbit polyclonal antibodies F3648, and B1520 (Sigma) for the primary detection of the respective proteins. All samples/ELISA reagents were applied at a 200 µL volume unless otherwise stated, plates were washed 3 times using 300 µL of DPBS + 1% v/v Tween 20 (Sigma P9416) after each stage. For each test, a total of 4 replicate wells of the FS surface and TCP were treated with DMEM media + 10% v/v FBS and 1% NEAA, or DPBS for 2 or 24 h periods under cell culture conditions. Wells were blocked with 1% w/v casein solution (Novagen 70955) for 2 h before the application of the primary detection antibody at 50 ng mL −1 .
The goat anti-rabbit biotinylated secondary antibody (DAKO E0432) was then applied at a concentration of 50 ng mL To each well, 100 µL of 0.5 M H 2 SO 4 (Acros 7664-93-9) was added and absorbance was immediately measured at 450 nm with correction at 570 nm using a TECAN ULTRA spectrophotometer. The average signal from the control wells was then subtracted from each corresponding test well.
Cell lines
MCF-7 (ATCC HTB-22) and MCF-10a (ATCC CRL-10317) cells were purchased from the American Type Culture Collection (ATCC) and used within 5 passages of the master stock. Cell culture medium was obtained from LONZA: DMEM media supplemented with 10% v/v FBS and 1% NEAA was used for MCF-7 cells. Mammary epithelium growth factor medium (MEGM) plus growth factors (CC-3150, with exception of the gentamycin-amphotericin B mix) was used for MCF-10a cells. This medium was supplemented with 50 ng mL −1 cholera toxin (Sigma C8052) prior to use, following the recommended culture guidelines of the ATCC. It should be noted that MCF-10a cells are engineered to grow in both serum-free (MCF-10a S−) and serum supplemented (MCF-10a S+) conditions, with 10% v/v FBS supplemented medium being used in the latter case. In contrast, serum supplementation of DMEM medium is compulsory for the culture of MCF-7 cells in order to provide the necessary growth factors required for their growth and survival. As with most commercial sera, fibrinogen and other clotting factors are deliberately removed prior to sale, which was the case here.
MTT proliferation assay
In order to assess cellular proliferation (96-well format); 1 × 10 4 cells were seeded in 200 µL of medium per well, with 4
replicates for each surface/time point. Similarly, 200 µL of cell free medium was added to 4 wells (control). Plates were incubated at 37°C in 5% v/v CO 2 for 24-72 h, with cell viability being assessed every 24 h through the MTT assay. To each well, 20 µL of 5 mg mL
tetrazolium bromide (Sigma M5655) in DPBS was added, after which plates were incubated for 1 h under cell culture conditions. In order to minimise the disturbance of weakly adhered aggregate cultures, the culture medium was carefully removed from each well using a multichannel pipette. The insoluble product was dissolved by incubating each well with 250 µL of acidified isopropanol in sealed plates for 15 min at RT. A 200 µL aliquot was taken from each well and seeded in a clear flat bottom 96-well plate prior to an immediate absorbance measurement at 570 nm using a TECAN ULTRA spectrophotometer. The average absorbance values from control wells was then subtracted from corresponding test wells to remove background signal.
Cell adhesion assays
For each test, 20 000 cells were seeded in 150 μL of medium to 4 wells of each surface (96-well format). In order to determine background signal, 150 μL of medium was added to 4 wells of each surface. Plates were incubated for 2 or 24 h under cell culture conditions. Following incubation, the culture medium was carefully removed from each well followed by three delicate wash cycles with 200 μL of DPBS using a multichannel pipette.
To each well, 200 μL of fresh ( pre-warmed) medium was then added and plates were incubated for 2 h under cell culture conditions to allow cell recovery from washing. To each well 20 μL of 5 mg mL −1 MTT in DPBS was added and plates were incubated for 1 h under cell culture conditions prior to removal of the culture medium. Isopropanol (250 µL, Fisher Scientific 10366430) was added to each well, and the plates were sealed and incubated for 15 min at RT. A 200 µL aliquot from each well was transferred into wells of a clear flat bottom 96-well plate and the absorbance at 570 nm was immediately determined using a TECAN ULTRA spectrophotometer. The average absorbance values from control wells was subtracted from corresponding test wells to remove background signal.
Live imaging/cell tracking
Live imaging was conducted for 48 h under standard cell culture conditions, using a Leica TCS SP5 inverted confocal microscope programmed to take bright field images every 300 s (×100). Each experiment was repeated 3 times for each surface/cell line, with 1 × 10 4 cells being seeded per well in a 96-well format. Cells were incubated for 1 h before initiation of the experiment in order to allow cell sedimentation. Videos were compiled from each focal plane using LAS-AF software. Individual cells were tracked using ImageJ software (1.47v) and the manual tracking plugin, set at 300 s intervals with an x/y calibration of 3.02. A total of 4 cells (selected at random) were tracked for each surface experiment (12 in total). The centre of the cell was used as a focal point, and the position of the cell within the aggregate was tracked during cellular aggregation until disaggregation had occurred. The total distance travelled and maximum observed velocity was then plotted for each cell. were seeded per well in 200 μL of medium. Morphology was assessed 24 h post seeding using light microscopy, and is presented within Fig. 8 .
Statistical analysis
Error bars display standard deviation and statistical differences between relevant experimental groups were examined using the unpaired t-test (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001). All figures were prepared using GraphPad Prism 6, with the exception of the EDXa and ATR-IR spectra.
Results and discussion
Surface characterisation
The FS surface was shown to hold a contact angle of ∼115°in comparison to ∼65°for parental TCP (Fig. 2) . The total surface energy was significantly reduced following FS functionalisation, and was shown to be almost exclusively composed of non-polar, dispersive forces. The increase in observed hydrophobicity results from a reduction of hydrogen bonding sites due to the addition of fluorinated moieties to the surface. This finding is also suggestive of a high level of functionalisation, as nearly all of the polar component of the TCP is absent from the modified FS surface. The ATR-IR spectra of TCP and the FS surface are shown in Fig. 3 . The signals arising from C-H and C-C vibrations produced by TCP in the regions of 3115-2815 cm −1 and 1650 and 1445 cm −1 (Fig. 3 peaks labelled A + B) were reduced on the FS surface spectra, suggesting a high level of surface coverage following modification. 26 The strong doublet peak between 1120-1350 cm −1 (Fig. 3 peak labelled C) confirms C-F stretching vibrations, with the shape of the signal being typical of the presence of multi-fluorinated hydrocarbons. 27 The FS surface shows a strong peak arising from the asymmetric stretching vibration of Si at ∼1075 cm −1 alongside an asymmetric broad shoulder at 960 cm −1 , which arises from the presence of Si-OH groups (Fig. 3 peaks labelled D + E). 28, 29 The peak at ∼800 cm −1 (Fig. 3 peak labelled F) is associated with the symmetric stretch of Si-O-Si bonds. 28 Quantitative XPS analysis was performed to determine the chemical composition of the top 10 nm of TCP and FS samples. The survey spectra produced (ESI † Fig. 1A) shows TCP to be composed exclusively of C and O with 89.3% and 10.7% atomic concentrations respectively, when using C 1s and O 1s peaks. It should be noted that H holds an atomic number below the detection limit of this technique. 30 The FS surface showed additional peaks for Si and F (ESI † Fig. 1B ) with atomic concentrations of 2.9 and 58.8% using Si2p and F 1s peaks respectively. The low atomic percentage of Si within the FDTES silane (2.7% excluding H) suggests that the outermost 10 nm of the sample primarily consists of surface bound silane. Similarly, the absence of an N peak shows that the lysozyme protein used to generate the underlying silica layer has been effectively covered. 19 These data, alongside those shown in Fig. 2 and 3 , confirm the successful functionalisation of the silica film with FDTES silane. Atomic force microscopy (AFM) studies (ESI Fig. 2 †) of the surfaces showed TCP to have a relatively smooth surface profile with a RMS roughness of ∼20 nm, whereas the RMS roughness of the silica and FS surfaces was higher at ∼205 and ∼119 nm respectively. An increase in roughness is known to exacerbate surface hydrophilicity or hydrophobicity, depending upon the specific chemical functionality present. 22, 27 Thus, the greater surface roughness produced via FS functionalisation of TCP will contribute to the increase in contact angle illustrated in Fig. 2 . Although a greater surface roughness has also been reported to enhance cellular attachment, this is largely mediated by the specific surface chemistry of the substrate and the conformational presentation of adsorbed serum proteins. [31] [32] [33] AFM scans and SEM images (ESI Fig. 2 †) show that the FS surface has a topological profile composed of a non-uniform array of clefts and ridges with interconnected nodules of functionalised silica. EDXa analysis (ESI Fig. 2 †) supports previous characterisation data showing the presence of Si and F upon the FS surface. In addition, elemental mapping shows a strong F signal localised to the FS sample surface. Total protein adsorption was quantified using the fluorescamine assay. As shown in Fig. 4 , the uptake following 2 h of exposure to serum supplemented media was greater for the FS surface (∼2.6 µg cm −2 vs. ∼2 µg cm −2 for TCP). Although protein levels for the FS surface remained relatively constant between the 2 and 24 h time points, they increased to ∼2.5 µg cm −2 following 24 h of incubation for TCP. These data show that, despite the inert and low surface energy profile of the FS film, protein uptake occurs at an increased rate in comparison with TCP. Other systems which promote cancer cell aggregation (such as poly HEMA coated plates) are based on an abrogation to protein adsorption, resulting in a disruption to cellular adherence. 11 The data shown in Fig. 4 indicate this to not be the case for the FS surface. An increased uptake of serum proteins has previously been observed upon hydrophobic surfaces. [34] [35] [36] Furthermore, protein adsorption has also been reported to be dominated by hydrophobic interactions at ∼pH 7.4 (cell culture conditions), with an absorbed mass of protein steadily increasing as surface wettability decreases. 36 Previous work has also shown protein adsorption to increase with increasing surface roughness, resulting from a change in the geometrical arrangement of proteins at the surface. 37 All of these findings correlate with the results presented here. Indirect ELISA assays revealed that the FS surface promoted a different profile of fibronectin and albumin adsorption to that observed for the TCP surface, Fig. 4B and C. There was a significantly higher adsorption of serum albumin to the FS surface at the 2 h time point, with no significant differences between the TCP and the FS surfaces being detected after 24 h of incubation, the latter result coinciding with an increase in the total protein adsorbed by TCP. The increase in albumin adsorption shown upon the FS surface after 2 h of incubation can be expected due to an overall increase in the total protein adsorbed, coupled with the relative abundance of albumin within FBS. However, in addition, albumin adsorption has been specifically shown to occur at an increased rate upon surfaces of reduced wettability, a finding which is governed by an increased level of hydrophobic interaction. 36, 38 Increased hydrophobic interactions have also been shown to produce a stronger surface-albumin association, resulting in an enhanced level of resistance to albumin displacement by cell adhesion proteins, including fibronectin. 39 In this study we show the levels of albumin adsorption upon the FS surface to only approximate to those on TCP after 24 h of incubation. The levels of fibronectin adsorption were indeed shown to be significantly lower upon the FS surface in comparison to TCP at both 2 and 24 h time points tested, a finding which may be attributed to a decreased affinity for albumin displacement as discussed above. Previous research has also shown an increased tendency for albumin to adsorb over fibronectin upon hydrophobic surfaces in a competitive system, thereby resulting in disruption to cellular attachment. 40 Factors affecting competitive protein adsorption include rates of transport, unfolding and protein binding affinity. 41 The initial stages of competitive adsorption are mainly influenced by the rate of transport with abundant proteins of low binding affinity adsorbing first, being later displaced by proteins of a higher binding affinity. 20 Upon hydrophobic surfaces (such as the FS surface), the main driving force for adsorption is the hydrophobic interaction, which is known to induce large conformational change to the protein. 12, 41 The globular and flexible nature of serum albumin facilitates a comparatively rapid denaturisation during adsorption, in comparison to the higher molecular weight fibronectin. 41 Once bound to the FS surface, albumin displacement is likely delayed by a strong surface association which is mediated via hydrophobic interactions. In contrast, the main driving forces for interaction on more hydrophilic surfaces (such as TCP) are hydrogen bonding and electrostatic interactions, forces demanding less conformational change to the proteins adsorbed. 41 
Cell culture application
Both MCF-7 and MCF-10a S+ were shown to have a significantly reduced level of adherence after both 2 and 24 h of culture on the FS surface in comparison to cells cultured upon TCP (Fig. 5) . However, this was not observed for MCF-10a S− cells, which showed a near equal level of adherence to their TCP cultured counterparts at both the 2 and 24 h time points tested. This finding is indicative of an obligatory role for serum proteins in the mechanism of disrupted cellular adherence. The levels of cell adhesion upon the FS surface increased between the 2 and 24 h periods of culture, suggesting the FS surface (and the serum proteins that it interacts with) to only delay cellular adhesion rather than prevent it completely. The morphology of MCF-7, MCF-10a S+ and MCF-10a S− was assessed during FS surface culture, with both MCF-7 and MCF-10a S+ being shown to undergo aggregate formation (Fig. 6 ). As this was not observed for MCF-10a S− cells, an obligatory role for serum proteins in the transient disruption to cellular adherence is shown once more. It can also be noted that MCF-7 cells produced well defined spheroids after 24 h of culture upon the FS surface, with a complete return to a 2D monolayer after 72 h of culture. In comparison, MCF-10a S+ produced less demarcated, more irregularly shaped aggregates after 24 h of culture on the FS surface. Furthermore, a proportion of the cells remained as spheroids at the 72 h time point. Varying aggregation rates between different cell lines has been reported previously, with recent studies showing that metastatic potential, E-cadherin and HER2 expression enhance spheroid formation rates. 42, 43 The results of this study correlate with this finding, with the HER2+ MCF-7 cancer cells undergoing complete aggregation-disaggregation at a faster rate than the "normal transformed", HER2− MCF-10a cells. The precursor to the FS surface (the silica surface), is rougher than both TCP and the FS surface, but did not induce cellular aggregation (ESI † Fig. 2 and 3 ). This suggests the FS surface induced cellular aggregation to be at least partly due to FDTES chemical functionalisation, as opposed to increasing surface roughness. Disruption to cellular adherence is likely to decrease cellular proliferation rates, with multi-cellular spheroids being reported to display reduced proliferation in comparison to 2D cultures. 41, 44 However, in this study, the transient generation of aggregates had no significant effect on cellular proliferation up to the 72 h time point (ESI Fig. 4 †) . This also shows the FS surface to exert no significant toxicity towards both MCF-7 and MCF-10a cells, as would be expected given the inert nature of the carbon fluorine bonds in the FDTES silane. Live imaging was used to capture dynamic changes to cell morphology during FS surface culture, again only showing MCF-7 and MCF-10a S+ cells to form aggregates upon the FS surface (ESI video set 1 †). The videos produced gave visual evidence of a delayed adhesion to the FS surface but only in the case of MCF-7 and MCF-10a S+ cells, reinforcing the data shown in Fig. 5 and 6 . Quantitative tracking data (Fig. 7) indicated that MCF-7 and MCF-10a S+ cells migrate for significantly greater distances and travel at a greater maximum observed velocity over the 48 h period on FS surfaces, a likely consequence of poor adherence conditions/aggregate formation. The differential response level between each cell line may be attributable to the different aggregation-disaggregation rates, as has been discussed above.
In order to further investigate the role of serum proteins within cellular aggregate formation; FS surfaces were pretreated with either serum supplemented DMEM or serum free DMEM medium prior to use as substrates for cell culture, as outlined in section 2.14. Although aggregation occurred upon the FS surface pre-treated with standard DMEM medium, MCF-7 and MCF-10a S+ cells formed a 2D monolayer on FS surfaces that had been pre-treated with serum supplemented medium, and exhibited a morphology which was similar to that of cells cultured upon standard TCP (Fig. 8) . This observation suggests that surface induced aggregation can be inhibited by pre-treating the surface with serum containing medium. This observation also suggests that the transient nature of aggregate formation may reflect a competitive exchange of proteins over time. For FS surfaces pre-treated with FBS supplemented medium, any exchange in surface bound proteins has progressed to near completion prior to the application of cells. As a consequence, cells are introduced to a substrate which can accommodate and support their adherence in a shorter time frame, in comparison to standard DMEM pre-treated FS surfaces. It can also be noted that MCF-10a S− cells formed aggregates upon the FS surface which had been pre-treated with FBS supplemented medium only. As FBS supplemented media was removed prior to the application of these cells any dynamic exchange of proteins at the surface would be inhibited, resulting in a prolonged exposure to a surface-protein profile which is poorly accommodating for cellular adhesion.
The competitive exchange of proteins upon surfaces was first noted by Vroman and Adams in the early 1960s, who observed the displacement of absorbed proteins over time by proteins that subsequently arrive at the material surface. 20, 45 The Vroman effect explains how abundant, motile, low molecular weight proteins saturate a surface during the initial stages of protein exposure. 20 These are subsequently displaced by less abundant, less motile, higher molecular weight proteins which exhibit a greater affinity for surface binding. 20, 45, 46 The Vroman effect is known to be influenced by several parameters such as pH, temperature, protein concentration and the specific surface chemistry of the substrate. 47 The data produced in this study suggest that the inert properties of the FS surface provide the necessary conditions to selectively adsorb serum proteins that can disrupt cellular adhesion during the early stages of culture from the medium. As only MCF-10a S+ (and not S−) form aggregates upon the FS surface, the observed aggregation phenomenon appears to be reliant on both the FS surface and the serum proteins with which it interacts. The composition/conformation of the adsorbed proteins may then change during the later stages of culture as a consequence of the Vroman effect, facilitating cellular attachment as a monolayer. The data presented in Fig. 4 demonstrate that the FS surface promotes a protein adsorption profile which is rich in albumin, a serum protein which has previously been reported to disrupt cellular adherence during the early stages of culture. 47, 48 The negative impact which this has upon cellular adherence is likely to be exacerbated by the decreased uptake of fibronectin, a serum protein that plays a major role in the adherence of many cell lines. 48, 49 Over time, the levels of other unknown cell adhesion proteins may then begin to rise, leading to an increase in the cell-surface binding affinity and a facilitation of cellular adherence as a monolayer. A simplified illustration showing this process is shown in Fig. 9 . As Fig. 8 shows that the pre-treatment of the FS surface with serum supplemented media encourages monolayer formation, we postulate that the proteins/factors facilitating cell adhesion derive from the serum itself, as opposed to cell secretion. However, this does not rule out the possibility that a combination of secretory and serum derived proteins may act to facilitate cellular attachment during culture.
Conclusions
We show serum-dependant, transient, homotypic cellular aggregation to take place upon the hydrophobic, low energy FS cell culture surface developed. Both cell lines used for FS surface culture exhibited a reduced adherence capacity and greater motility when cultured in serum supplemented medium, in comparison to cells cultured on the TCP surface. Cells undergoing aggregation-disaggregation show no significant difference in proliferation rate in comparison to standard 2D cultures. The distinct differences in the surface chemistry between the FS surface and TCP result in a differential adsorption rate of serum albumin and fibronectin and the transient nature of aggregate formation reflects the changes in the adsorbed serum proteins over time. The material developed supports the study of cancer cell aggregation-disaggregation as a single dynamic process and to our knowledge represents the first report of such a system. The ability to control and study cancer cell aggregation-disaggregation events has potential applications for the study of cell signalling, cytoskeletal changes, cell surface marker expression and cancer cell-cell recognition during this process. Fabrication of the surface directly onto commonly available TCP makes the approach broadly accessible to the cell culture community. Herein, we present an example of how surface chemistry can be finetuned in order to manipulate serum protein adsorption, and as a consequence directly manipulate cellular behaviour in vitro.
